NA has a strong affinity for many heterocyclic aromatic dyes, such as acridine and its derivatives. Lerman in 1961 first proposed intercalation as the source of this affinity, and this mode of DNA binding has since attracted considerable research scrutiny. Organic intercalators can inhibit nucleic acid synthesis in vivo, and they are now common anticancer drugs in clinical therapy.
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The covalent attachment of organic intercalators to transition metal coordination complexes, yielding metallointercalators, can lead to novel DNA interactions that influence biological activity. Metal complexes with σ-bonded aromatic side arms can act as dual-function complexes: they bind to DNA both by metal coordination and through intercalation of the attached aromatic ligand. These aromatic side arms introduce new modes of DNA binding, involving mutual interactions of functional groups held in close proximity. The biological activity of both cis-and trans-diamine Pt II complexes is dramatically enhanced by the addition of σ-bonded intercalators.
We have explored a new class of organometallic "piano-stool" Ru II and Os II arene anticancer complexes of the type [(η 6 -arene)Ru/Os(XY)Cl] þ . Here XY is, for example, ethylenediamine (en), and the arene ligand can take many forms, including tetrahydroanthracene, biphenyl, or p-cymene. Arene-nucleobase stacking interactions can have a significant influence on both the kinetics and thermodynamics of DNA binding. In particular, the cytotoxic activity, conformational distortions, recognition by DNA-binding proteins, and repair mechanisms are dependent on the arene. A major difficulty in developing anticancer drugs is cross-resistance, a phenomenon whereby a cell that is resistant to one drug is also resistant to another drug in the same class. These new complexes are non-cross-resistant with cisplatin towards cancer cells: they constitute a new class of anticancer agents, with a mechanism of action that differs from the anticancer drug cisplatin and its analogs. The Ru-arene complexes with dual functions are more potent towards cancer cells than their nonintercalating analogs.
In this Account, we focus on recent studies of dual-function organometallic Ru II -and Os
II
-arene complexes and the methods used to detect arene-DNA intercalation. We relate these interactions to the mechanism of anticancer activity and to structure-activity relationships. The interactions between these complexes and DNA show close similarities to those of covalent polycyclic aromatic carcinogens, especially to N7-alkylating intercalation compounds. However, Ru-arene complexes exhibit some new features. Classical intercalation and base extrusion next to the metallated base is observed for {(η The bleomycins (BLMs) are natural products. Cobalt bleomycin probably has the most pharmaceutical relevance of any of its metal adducts studied to date. 25 Two-dimensional NMR methods and molecular modeling have shown that 
Intercalation by Dual-Function Metal Complexes with σ-Bonded Side Arm Intercalators
In the late 1980s, platinum complexes having a σ-bonded side arm as an intercalator were designed. 17, 27 Planar aromatic ligands such as acridine orange (AO), 9-aminoacridine (9-AA), and ethidium bromide 4, 28 have been incorporated into Pt complexes as potential intercalators (Figure 3 .1). These Pt-intercalator complexes can react with DNA by both coordination and intercalation, and the DNA platination can be sensitive to sequence-dependent local DNA structural modulations such as those accompanying intercalator binding. The reaction between cisplatin and ethidium (Eth) is promoted by DNA; ethidium binds to platinum via its N8 or N3. 28 Modeling shows that the ethidium is inter- Bierbach et al. 27 have described a new class of hybrid Pt compounds containing acridinylthiourea as intercalating groups (Figure 3 .2). Platinum-acridinylthiourea (PT-ACRAMTU) and its analogs exhibit promising activity toward several tumor cell lines, and show only partial cross-resistance with cisplatin. 27, 29 The 2D NMR solution structure 30 . 17 When one ammine is changed to a planar aromatic N-donor ligand such as L = pyridine or quinoline in trans-[PtCl 2 (NH 3 )L], the cytotoxicity of the trans complex is dramatically enhanced. 31 This has been attributed to interaction of the planar aromatic ligand with the DNA duplex, perhaps partially by intercalation.
32
Other dual-function coordination complexes have also been studied (Figure 3.3) .
14,33 Two-dimensional NMR shows 
Intercalation by Organometallic Ru-and OsArene Complexes
Organometallic Ru II -arene complexes of the half-sandwich
, benzene (ben), for example; XY = ethylenediamine (en), for example) exhibit promising anticancer activity both in vitro and in vivo (Figure 4.1) . [34] [35] [36] [37] [38] [39] [40] One of the potential targets of these complexes is DNA. The strong binding to N7 of G on DNA is enhanced by H-bonding between the en NH 2 groups and the exocyclic C6O carbonyl oxygen of G. Repulsive interactions with exocyclic amino groups of A and C nucleobases lead to high specificity for G binding (Figure 4 .2). 41 The rates of reaction of [(η 6 -arene)Ru- 
< dihydroanthracene (Ru-dha, 2 μM), < tetrahydroanthracene (Ru-tha, 0.5 μM), the latter complex being as cytotoxic as the clinical platinum drug cisplatin. We have also investigated the chemical and biological activity of half-sandwich osmium-arene complexes. 35, [43] [44] [45] Their cytotoxicity (toward A2780 cells) also appears to depend on the size of the coordinated arene: benzene (Os-ben, IC 50 = 32.7 μM) < pcymene (Os-cym, 7.6 μM), < tetrahydroanthracene (Os-tha, 4.5 μM), < biphenyl (Os-bip, 3.2 μM), the latter two complexes being as cytotoxic as carboplatin. 35, 45, 46 Studies of DNA duplexes singly modified by Ru-cym (nonintercalating) and Ru-tha (intercalating) reveal that conformational distortions, recognition by DNA-binding proteins, and repair mechanisms are also dependent on the arene. 47 The tetrahydroanthracene complex Ru-tha is 10Â more toxic to cancer cells than the biphenyl complex Ru-bip. 36 The extended nonaromatic rings B and C of Ru-tha are more bulky than bip in Ru-bip (Figure 4.1) . Two-dimensional NMR experiments, 58 show the presence of a novel penetrating intercalation of rings B and C of Ru-tha into a DNA hexamer, selectively between two base pairs, G 
Comparison with Dual-Mode Organic Intercalators
Polycyclic aromatic hydrocarbons, 61 heterocyclic amines, 62 their nitro derivatives, and food mutagens 61, 62 are wellknown classes of environmental pollutants that cause the which is similar to that observed for polycyclic aromatic carcinogen-modified DNA adducts. Such a highly distorted double helix is not observed for the DNA adducts of platinum complexes containing ethidium, acridine, or acridinylthiourea derivatives ACRAMTU as side arm intercalators, where threading intercalation occurs but little helical bending. Furthermore, sequence-dependent modification is observed for the Ru-arene complexes and polycyclic aromatic carcinogen-modified DNA adducts but not for platinum complexes with different side arm intercalators. This similarity between the dual-function Ru-arene lesions and N7-alkylation intercalation compounds might provide insight into structure-activity relationships for these complexes. These findings help to explain why ruthenium-arene complexes have a different mechanism of antitumor activity compared with cisplatin and are recognized differently by nucleotide repair enzymes.
Conclusion
This Account has focused on new dual-function metal complexes that can interact with DNA by both coordination and intercalation modes of binding. Such dual mode binding produces unusual DNA distortions and novel mechanisms of biological activity. Ru-arene complexes with such dual functions (e.g., Ru-bip or Ru-tha) are more potent toward cancer cells than their nonintercalating analogs (e.g., Ru-pcym or Ru-ben) 36 or less intercalating isomers (p-terphenyl arene complexes are more potent than o-or m-terphenyl complexes). This design concept can be applied to structureactivity relationships for other organometallic anticancer complexes, including cyclopentadienyl complexes, 65 and introduces novel mechanisms of action. The unusual nature of such DNA distortions affects recognition by DNA binding proteins and repair enzymes and hence the downstream processes related to apoptosis and cancer cell death.
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